Considering the rapid development of experimental techniques for fabricating 2D materials in recent years, various monolayers are expected to be experimentally realized in the near future.
Introduction
Due to variety of structures and fascinating electronic properties, two dimensional (2D) materials offer a promising scenario for the next generation electronic devices at nanoscale. After the successful experimental isolation of black phosphorene [1] [2] , and its exciting properties [3] [4] [5] [6] have resulted into a growing interest in the exploration of novel allotropes of group-V monolayers [7] [8] . Stability of the bulk phosphorus in variety of allotropic forms such as violet-, red-, white-and black-phosphorous have led to theoretical investigations of several allotropes of phosphorene [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] , apart from the honeycomb α-P and β-P. All the polymorphs of phosphorene are predicted to be semiconductor with band gap ranging from 0.4 eV to 2.1 eV [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] .
Extensive studies on phosphorene allotropes have encouraged the exploration of the next isoelectronic group-V elemental monolayer i.e. arsenene. Similar to α-and β-phosphorene, Kamal et. al. [20] predicted stable honeycomb structures of As, and Zhang et. al. [21] investigated the properties of β-phase of As. In addition, Mardanya et. al [22] also confirmed the stability of α-As and β-As with additional stable allotrope γ-As. Ma et. al. [23] proposed stable tricycle-type monolayer As, and Ersan et. al. [16] reported a stable square-octagon ring structure monolayer of group-V elements. Apart from the dynamical stability, α-and β-arsenene also exhibits high carrier mobility [24] [25] [26] with excellent thermoelectric and device performance [27] [28] [29] [30] . The optical response of mono-and bi-layer arsenene (α-and β-phase) shows tunability with mechanical strains [31] . Few other atomically thin allotropes of arsenene were also reported to be dynamically stable [32] [33] .
In our previous study [34] , we have identified the role of topological defects in the tunneling characteristics of group-V monolayers including arsenene. It is well known that the 4 theoretical predictions often precede experimental synthesis and characterization owing to the difficulties of measurements at nanoscale. For example, predictions based on first principles calculations [1] , have led to realization of the field effect transistor device consisting of a few layer thick black phosphorene [2] . Likewise, synthesis of blue phosphorene (β-P) [35] has been achieved after its prediction of stability by first principles methods [9, 36] . The rapid development in monolayer synthesis techniques are likely to pave the way for the fabrication of As-based monolayer allotropes in near future.
In this paper, we consider non-honeycomb (i.e. ε-, ξ-and 4-6-10-As) and porous (i.e. η-, θ-, hexstar-and K-As) allotropes of arsenene besides the widely studied α-, β-, γ-, δ-, tricycletype-and square-octagon-As structures. The nomenclature of the arsenene allotropes was taken from that adopted for phosphorene allotropes. Density functional theory calculations were preformed to predict stability (both energetically and dynamically) and electronic properties of all the monolayer structures of arsenene, including the carrier transport properties using phononlimited scattering model. Finally, as a case study from practical point of view, we have examined the possibility of application of these monolayers as water splitting photocatalysts.
Computational Model
Our theoretical analysis and predictions are based on density functional theory (DFT) as implemented in Vienna ab-initio simulation package (VASP) [37] . The electron exchange and correlation are treated within the framework of generalized gradient approximation (GGA)
given by Perdew-Burke-Ernzerhof (PBE) functional [38] . We have used projector augmentedwave (PAW) method to describe electron-ion interaction [39] . Contributions from the van der Waals (vdW) interactions are also incorporated in calculations by using the DFT-D2 method of Grimme [40] . A plane wave basis set with kinetic energy cutoff of 400 eV was used. We adopt Monkhorst-Pack scheme for k-point sampling of Brillouin zone integration with 12 x 12 x 1 mesh. In order to mimic the 2D system, we employ a supercell geometry with a vacuum of about 15 Å along z-direction (which is chosen perpendicular to the plane of arsenene). All the structures were fully relaxed using standard conjugate gradient method, with residual forces smaller than 0.001 eV/Å on each atom. The energy convergence value between two consecutive steps was chosen to be 10 -6 eV. Since GGA-PBE functional underestimates the band gap, we have also applied a correction to PBE band structure using the screened hybrid functional HSE06 method [41] [42] .
The phonon-limited scattering model including the anisotropic characteristics of effective mass, elastic modulus and deformation potential was applied to calculate carrier mobilities of arsenene allotropes [24,30,43- 
6 where − 0 represents the total energy change, 0 is the area of xy-plane
represents the deformation in x or y direction.
Results and Discussion

Structures
In Figure 1 , the top and side views of monolayer allotropes of arsenene together with WignerSeitz cell are shown. We consider three types of monolayer geometric structures, namely: (i) honeycomb (ii) non-honeycomb and (iii) porous. The honeycomb structures are α-, β-, γ-, δ-and tricycle-type (T)-As, which contain the six membered rings are designated as (6-6)-As. T-As is constructed by the in-plane connections of the segments of α-As and β-As. The honeycomb structures of arsenene exhibit armchair and zigzag edges. Non-honeycomb structures are squareoctagon (O)-As, ε-P and ξ-P which contain square and octagon units of arsenic atoms are denoted by (4-8)-As. For ε-As and ξ-As, each unit cell has two As4 square units, and side views of both resemble the puckered armchair and zigzag structures of α-As and β-As, respectively.
Similarly, (4-6-10)-As consists of four, six and ten member rings in non-honeycomb arrangements of atoms. Four porous allotropes namely η-As, θ-As, hex-star (HS)-As and K-As of arsenene are also shown in Figure 1 . The As atoms in HS-As forms a hexagonal lattice with a
Magen-David-like top view, whereas η-As and θ-As consists of the units of As5 pentagons that are connected by interunit As-As bonds.
The structural and lattice parameters are listed in Atoms at the top and bottom of nonplanar layers are distinguished by color and shading of atoms (darkest color for the topmost atoms and lightest color for bottommost atoms). Two dimensional unit cell is also shown in the top view of each structure. Notably, the shape diversities [ Figure 1 ] of hexagonal rings in (6-6)-As and octagon rings is (4-8)-As originates from the bond angle variation while the bond lengths are found to be nearly same [ Table 1 ]. The bond angle variation in (6-6)-As is as large as 20 degree which is more pronounced (~ 30 degree) in (4-8)-As structures. The bond length variations in both types of structures are calculated to be < 0.1 Å.
It is important to note that lattice constants 'b' in α-As and 'a' in δ-and T-As shows difference ≥ 0.05 Ǻ in the calculated values using GGA+PBE and GGA+PBE+vdW level of theory. The thickness, h, in T-As is calculate to be 4.33 Ǻ and 4.41 Ǻ using GGA+PBE and
GG+PBE+vdW method, respectively. The results therefore suggest that vdW correction is important to describe these layered structures with higher thickness. Throughout the study, we have used PBE functional with vdW correction and the overall results of the study remains nearly the same.
Stability a) Energetics
In order to study the energetics of arsenene monolayers, we calculate their cohesive energy which is given in Table 1 . Cohesive energy ( ) is obtained as the difference between the total energy per atom of arsenene allotropes and energy of free As atom. Our calculated value of cohesive energy (3.19 eV/atom) for α-As is consistent with the previously reported value of 3.13 eV/atom [22] . Despite noticeable structural diversity in (6-6)-As and (4-8)-As allotropes, the cohesive energies are found to lie within a narrow range of 0.07 eV/atom. Among the various variants of arsenene, tricycle-type (T)-As possess the highest calculated value of cohesive energy (3.20 eV/atom), consequently it is the most stable allotrope followed by α-As, β-As, θ-As, η-As Table 1 ]. This is unlike phosphorous allotropes among which α-phase is found to be most stable [9, 36] . Next, we have calculated the formation energy relative to α-As using the formula:
Here EA is the total energy of given monolayer allotrope, Eα is energy per atom of α-As monolayer and N is number of atoms per unit cell of given monolayer allotropes.
All the monolayer allotropes except O-As, (4-6-10)-As and K-As; have RFE less than 100 meV [ Figure 2 ], indicating their ease of formation and energetic stability. T-As honeycomb monolayer structure has formation energy -3.41 meV/atom indicating its stability higher than α-As. Note that T-As is the in-plane heterostructure allotrope consisting of α and β allotropes of As. It is to be noted that the difference in the RFE of β-As, T-As and θ-As is less than 25 meV/atom [ Figure 2 ], which is comparable to the thermal energy at room temperature. Note that ξ-As, ε-As, O-As, (4-6-10)-As and K-As possess high RFE ( > 80 meV) which is attributed to the increased tension in their structures due to 4-mebered rings. All other structures possess either five or six membered rings which makes them energetically more favorable. Looking at the existence of so many structures within very narrow range of RFE, it appears that phase coexistence may indeed be reality in the case of 2D allotropes of arsenene. Note that the bulk form of arsenic i.e. grey arsenic exists [45] and β-As monolayers can possibly be exfoliated from bulk As.
b) Phonon Spectra
Next, we computed the phonon dispersion spectra for arsenene allotropes and the results of phonon dispersion along the high symmetry points in the Brillouin zone are presented in Figure   3 . From the phonon spectrum, it is possible to investigate dynamical stability of a given monolayer. The phonon frequencies are found to be positive for α-, β-, γ-, δ-, T-and ε-As, indicating their dynamical stability. Note that α-, β-, γ-and T-As are also found to be dynamically stable in the previous reported first principles calculations [20, [22] [23] . In cases of O-, 4-6-10-, ξ -, η-and θ-As, all modes contain positive frequencies except out-of-plane acoustical modes near S and Y high symmetry points [ Figure 3 ] due to the softening of phonons.
Note that a similar prediction was made for β-As [20] and germanene [46] . On the other hand, HS-and K-As possess the out-of-plane acoustical modes with imaginary frequency in a large region of Brillouin zone [ Figure 3 ], which indicates that these monolayers can only be stabilized on a suitable substrate which can damp the out-of-plane vibrations. 
c) Mechanical Properties
In-plane stiffness of a material is an important parameter to describe its mechanical stability. In order to describe mechanical properties of given monolayers, we calculate the elastic modulus by fitting strain energy density curve with in-plan strains [ Figure 4 [16] . The values of elastic modulus are listed in Table 2 .
Anisotropic elastic modulus is also evident from curvature of strain-energy density versus strain curve [ Figure 4 ], e.g., large curvature of strain along x-direction in η-As leads to higher value of 
Electronic Band Structures
Allotropes of monolayer arsenic are predicted to be semiconductors with a broad range of band gaps which are important for broadband photo-response. γ-As, T-As, O-As and ε-As are direct gap semiconductors while the other monolayers are indirect gap semiconductors [ Figure 5 ]. Our calculated values of band gaps are in very good agreement with the available values in literature, e.g, indirect band gap of α-As (0.72 eV) and β-As (1.58 eV) are in very good significantly larger values of band gaps [ Table 2 ] ranging from ~ 1 to ~2.5 eV without changing the nature of the band gaps.
In order to understand the contribution of different orbitals to the electronic states near Fermi level, we calculate the orbitals projected density of states (PDOS), which reveals that the states near the valance and conduction-band edges are primarily contributed by p orbitals [ Figure   6 ]. The fact that the p orbitals are dominant is a common feature of monolayer honeycomb systems such as silicene, germanene and phosphorene, where sp 2 -like bonds form non-planar honeycomb structure. Notable contribution from pz orbitals with out-of-plan electron density perpendicular to monolayer can be seen in PDOS plots. This is further endorsed by the special distribution of VBM and CBM charge density and can be characterized by the localization of charge on the atomic sites [ Figure 6 ]. In the case of multilayer structures, these states are going to participate in interlayer hopping with adjacent layers, resulting in a band dispersion perpendicular to the plane. Therefore, multilayer structures of these allotropes are expected to have smaller band gap than their monolayer structures. Similar effect is observed in phosphorous [36] and transition metal dichalcogenides monolayers [49] , where the band gap is found to be inversely proportional to the number of layers.
A comparison between arsenene allotropes and their predecessor phosphorene allotropes reveals some common features in the electronic band structures due to the similarity in their crystal structures and electronic configurations. For example, energy dispersions of the valance and conduction bands are comparable for similar allotropes belonging to arsenene and phosphorene [9, [11] [12] [16] [17] . As a results, β-, ξ-, η-, θ-and HS-As allotropes of arsenene and phosphorene are qualitatively similar being indirect band gap semiconductors. Although the valance and conduction band energies are very close to the respective maximum and minimum at multiple points in Brillouin zones for both arsenene and phosphorere, the valance band maximum (VBM) and conduction band minimum (CBM) are located at different points for equivalent arsenene and phosphorene allotropes, e.g., location of VBM in β-As is at Γ whereas for β-P it is in between Γ-K direction; location of CBM in ξ-As and ξ-P is at Y and X, respectively. This difference is attributed to the more delocalization of valance band edge charge density at Γ point for β-As and conduction band edge charge density at Y point for ξ-As, that leads to the shift in the band energy towards Fermi level. The more delocalization at these band edges are due to the hybridization between the in-plane and out-of-plane p orbitals that spatially 18 extend the charge distribution away from the atomic sites [ Figure 6 ]. Both ε-As and ε-P are direct gap semiconductor with direct transition at Γ point. Unlike phosphorene, α-and δ-As monolayers are indirect gap semiconductors, whereas γ-, T-and O-As are direct gap semiconductors. This difference in the nature of band gap of two systems may also be attributed to the weaker electronegativity of As atom as compared to P atom, that leads to more delocalization of charge density in As systems and hence decrease in VBM/CBM energy towards Fermi level. It is important to note that the difference between direct and indirect band gap in γ-, δ-, O-, ε-and (4-6-10)-As is very small (< 0.03 eV), and a small value of the in-plane mechanical strain can induce the direct↔indirect gap transition [50] in these monolayers.
Carrier Mobilities
The carrier mobility is a property that is directly related with the electronic conductivity of 2D materials. In the framework of the longitudinal-acoustic phonon dominated scattering mechanism, the carrier mobilities ( 2 ) can be calculated using values of the elastic modulus, effective masses and deformation potentials [ Equation 1 ]. 2 is directly proportional to elastic modulus, that is found to be highly anisotropic [ Table 2 ] for all the monolayer allotropes except β-As, O-As, ε-As and HS-As. Essentially, the structural anisotropy in arsenene allotropes leads to the anisotropic carrier transport, thereby suggesting that a highly flexible monolayer can give rise to less carrier mobility and vice versa. And, the anisotropic elastic modulus can be attributed to the bonding structure of these allotropes. Under uniaxial strain along y-direction, the bond angles can be modified than those along x-direction that may lead to different superposition of atomic orbitals in both x-and y-directions. Furthermore, the carrier mobility not only depends on the mechanics of monolayer, but has also strong dependence on the carrier effective masses. Note that 2 is inversely proportional to the product of the carrier effective masses along transport direction and the average effective masses. The carrier effective masses along xand y-direction are calculated by fitting vs. k diagram along Γ-X and Γ-Y direction, respectively and are listed in [27] . Due to the highly isotropic structural arrangement of As atoms in the honeycomb lattice of β-As, it has nearly the same carrier effective masses along x-and y-directions which is also evident from the symmetric vs. dispersion around Γ in the electronic band structure of β-As [ Figure 5 ]. The carrier effective masses are calculated to be highly anisotropic for the monolayer allotropes having structural anisotropy. For example the effective masses of electron (holes) for ξ-As and η-As The carrier effective masses at VBM/CBM are listed in Table 3 .
Another key factor which also determines the carrier mobility is the deformation potential The deformation potential shows significant dependence on both transport direction and types of carriers. For example for α-As, the value of for holes along y-direction is 3.5 times more than the value in x-direction whereas the value of for electrons along y-direction is 2.5 times less than the value in x-direction. The values of for electrons and holes along x-and y-directions are listed in Table 3 .
Incorporating the anisotropic characteristics of elastic modulus, effective masses and deformation potentials, we have calculated the carrier mobilities at T=300 K. Our calculated values of carrier mobilities show directional anisotropy and are found to be, in general, moderately high [ Figure 7 ]. For example hole (electron) mobility of α-As along x-direction is 7.5 (4) times higher than the mobility along y-direction. The hole (electron) mobilities of ξ-As varies from 4 x 10 3 to 8 x 10 3 (0.02 x 10 2 to 3 x 10 2 ) cm 2 V -1 s -1 . The highest hole mobility of the order of 10 3 cm 2 V -1 s -1 has been obtained for ξ-As, η-As, θ-As [ Figure 7 ]. The high hole mobility of these monolayers are mainly due to their very small deformation potentials (0.2-0.7 eV). The small deformation potentials of these monolayer allotropes correspond to the localized VBM charge carrier density [ Figure 6 ] that results into almost no change to the energy of these states by the displacement of phonons. Likewise, the highest electron mobility of the order of 10 3 cm 2 V -1 s -1 is calculated for β-As and O-As which is attributed to their relatively small electron 22 effective masses (0.13 for β-As and 0.22 for O-As) [ Table 3 ]. In order to find out the extent of anisotropy in carrier mobilities, we now calculate the mobility anisotropy which is defined as:
Ra is equal to 1.0 for isotropic systems and is larger than 1.0 for anisotropic systems. Mobility anisotropy for both hole and electron is given in Figure 7 . Ra is calculated to be 1.0 for β-As, OAs, ε-As and HS-As indicating isotropic carrier transport in these monolayers. Among the monolayers allotropes considered, mobility anisotropy of electrons in ξ-As (144) and (4-6-10)- We found that electron and hole mobility of β-As; hole mobility of ξ-As, η-As and θ-As; and electron mobility of O-As, are comparable with black phosphorene, whereas, electron and hole mobility of α-As; and electron mobility of γ-As, T-As, ε-As, (4-6-10)-As and HS-As are comparable with monolayer MoS2. Note that the high intrinsic carrier mobilities plays crucial role in the performance of nanoelectronic devices based on layered structures [1] [2] .
Potential Application in Photocatalytic Water Splitting
We now investigate the feasibility of the monolayer allotropes of arsenic to be used for photocatalytic water splitting. In general, the band gap of more than 1.23 eV is required for the photocatalysis reaction. At ambient conditions, CBM must locate itself more negative than the redox potential of H + /H2 , 0 V vs normal hydrogen electrode (NHE) and the VBM must align more positive than the redox potential O2/H2O (1.23 V vs NHE) [52] . Band alignments of monolayer allotropes of arsenic with respect to vacuum level in neutral medium (pH=7) are presented in Figure 8 . It is found that the band alignments and band gaps of β-As, γ-As, O-As, (4-6-10)-As, η-As, θ-As and HS-As allotropes matches well with the redox potential of water, therefore, these monolayers can potentially be used for photocatalytic water splitting.
Furthermore, their band gaps except γ-As, lies in the visible region, so these 2D materials have a promise and novelty to harvest visible light for photocatalytic splitting of water. It has been shown previously that strain engineering can tune the band gaps and band alignments of 24 monolayers [53] , which further enhances the scope and usage of studied monolayer allotropes of arsenic for visible light driven photocatalytic water splitting. Despite known toxicity of arsenene, it has emerged as a promising material for the next-generation electronic and optoelectronic applications [54] [55] . Recent fabrication of 2D arsenene nanosheets [56] is likely to pave the way for the use of arsenene in water splitting photocatalysis as suggested by this work.
Conclusions
We systematically investigated a wide variety of monolayer allotropes of arsenic using density functional theory. Through energetics and dynamical stability analysis we predict that besides honeycomb structures, the non-honeycomb and porous structures of monolayer arsenic are also stable. Results of cohesive energy and relative formation energy calculations show that, these monolayer allotropes have the possibility of experimental fabrication. These monolayer structures are also found to be mechanically flexible and structural anisotropy gives rise to anisotropic elastic properties. We find that the considered monolayer allotropes cover a wide range of band gaps, which can be helpful for broad band photo-response. More importantly, these monolayers possess anisotropic carrier mobilities as high as several hundered square centimeters per volt-second. The high intrinsic mobilities of these monolayer allotropes may play crucial role in the performance of nanoelectronic and optoelectronic devices based on arsenene.
Considering the wide range of band gaps and high carrier mobility, these monolayers are found to be potential candidates for visible light driven photocatalytic water splitting.
